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Application of scaled nucleation theory to metallic vapor condensation
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In this paper we report that scaled nucleation the@NT) can describe moderately well the
observed nucleation behavior of a significant number of refractory materials if a more appropriate
value of a quantity commonly referred to as the excess surface entropy is used. With the availability
of more reliable critical point and liquid property data, we are better able to calculate this quantity
and we find that for refractory materials it can be as small as one half to one third the quantity
traditionally used in its approximation. As a result of using more accurate values, we find
considerably better agreement between SNT and experiment than what was originally determined.
We also explain why using surface tension slope information to determine the excess surface
entropy can lead to substantial errors in the SNT supersaturation predictioB00® American
Institute of Physics.[DOI: 10.1063/1.1378069

I. INTRODUCTION independent form. Although this form is an approximation of
CNT, agreement with experimental data for various molecu-
The condensation of supersaturated vapors has been Rir fluids is rather good. As a result of this success, SNT was
theoretical and experimental interest for many decades. Earlyubsequently applied to selected refractémy., metallic and
theoretical work focused on the development of a descriptiomther high temperature materiglsiucleation datd with
for predicting the onset of nucleation based on thermodywhat appeared to be similar success. However, comparison
namic and kinetic arguments. The pioneering work ofof SNT with nucleation data from a wider range of refractory
Volmer and Webérand the continued work of Becker and material$? suggested that these materials, as a class, could
Doring? and later Zeldovich led to the development of a not be described as accurately as the molecular fluids to
description commonly referred to as the classical nucleatiomhich SNT was originally applied.
theory(CNT). CNT has had considerable success in predict- ~ With the availability of more reliable critical point and
ing (usually qualitatively the experimental supersaturations liquid property data we find that this poor agreement is, in
required to initiate homogeneous nucleation for a wide rang@art, the result of using an overestimated approximation for
of molecular fluids, despite the simplifying assumptionsthe value of the excess surface entropy. We find that for
made in the original theory. refractory materials this quantity can be as small as one third
Over the past several decades, investigators have fdhe quantity originally used to conduct the SNT analysis. In
cused on correcting various inconsistencies that are believdi@ht of this new information, we reexamine SNT within the
to adversely affect CNT. Two major inconsistencies thatcontext of an increasing amount of experimental refractory
have been addressed in the literature are CNT's failure t@ucleation data in the literature. We also apply the modifica-

Satisfy the law of mass actiémnd an apparent error in the tions inherent in ICCT to SNT to determine if these modifi-
expression for the cluster size distribution for the limiting cations enhance the ability of SNT to describe experimental

case of monomer “clusters®® These inconsistencies have nucleation data. Finally, we address a concern for obtaining
been addressed in a revised theoretical model referred to akeliable” excess surface entropy quantities based on the
the internally consistent classical thedtCT), which has choice of the surface tension approximation made in SNT.
resulted in slightly better agreement with some experimental
studies.

Th_ere have glso been attempts to describe the nucleatiQp ReviEW OF SCALED NUCLEATION THEORY
behavior of various classes of compounds using a scaled
form of the CNT nucleation rate equatiér’ In 1986, Hale The motivation for briefly reviewing SNT here is three-
introduced one such scaled formalism, known as scaletbld. First, we demonstrate a more appropriate method for
nucleation theory(SNT),'° which utilizes critical point obtaining an expression for the SNT supersaturation in order
guantities to reduce the CNT rate equation into a materialto apply it to refractory material data. Second, we show how
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SNT needs to be modified to eliminate the inconsistencies AFCNT 167 T [ 1
addressed in ICCT. Finally, we develop a scaling approxi- — T (T) 3(%— ) 5| 9
mation more suitable for describing the nucleation of refrac- B (InS)

tory materials. . .
y Here,() is a grouping of terms commonly referred to as the

A. Basic theory excess surface entropy, which contains bulk liquid informa-

The CNT expression for the homogeneous nucleatiofiion specific to the material of interest and is given by

rateJ in its general form can be expressed as
oA

AFCNT 0= Zm
J:JggTexp( i ) W 2%
Here, Jou' is the preexponential rate term\FNT is the
expression for the free energy associated with the formatio
of a liquid cluster from a supersaturated vapkg, is the

(10

Thus, with the information in Eqg1l), (3), (9), and(10), InS
gan then be expressed as

: T 3/2

Boltzmann constant, anfl is the temperature. InS=0Q?%? gNT(?C— 1| (11)

The preexponential rate term in Ed) can be expressed
as where

1/2
20' SP t 2
JCNT: ( 53) ) 2 164 1/3] JSNT —-1/2
pre 7Tmp2 kBT ( ) SNTE ( T) | [i]re (12)

Here, o is the bulk liquid surface tensiom is the molecular ' . _ . _
mass,p is the molecular densityS is the supersaturation Equ§t|on(11) is equivalent to the supersaturation expression
ratio, and Py is the saturation vapor pressure. Following Obtained from Hale's original scaled thedfy.
Hale® an equivalent form foﬂggT (denoted by a superscript It is notedSHT]at in the original derlvatlpn a similarity in
SNT) is developed by introducing critical point properties Pehavior forJg.." was observed for a variety of molecular
(denoted by a subscript) and the inverse thermal wave- fluids. It was also observed to be a relatively weak function

length (denoted by\) into Eq. (2) to yield the following ©Of temperature, which allowegg™" in Eq. (12) to be ap-

expression: proximated with a constant valieoughly equal to 0.583for
5 experimental nucleation rates of 1 cis . For rates other
JSNT_ 4 |(Spsat) 3) than unity, the following approximation was used:
pre — ¥c Pc '
where InS~0.53°%4 1+ nJ | (T * (13
' 2Ind,/\ T
PC )\C PC
e=| | o L ksTox (49 Equation(13) was then compared to experimental nucleation
o/ 1B ete rate data for a variety of molecular fluids and remarkable
and agreement was found. It was emphasized, however, that
4 \18 T.\32 2/3 this approximate expression was found to be valid only
c Pc . .
= —=| (0¥ = _) ) (5) for moderate experimental temperature§.e., when
3 T T /T-1<15)12

Here, h is Planck’s constant and is a grouping of terms
common to nucleation theory given by

B. Internally consistent scaled nucleation theory

(36m) % : .
= (6) As mentioned earlier, ICCT was developed to correct

p?%gT certain inconsistencies apparent in CNT. The first correction
The free energy term in Eql) can be expressed as deals with the fact that CNT fails to satisfy the law of mass
. action. Removing that inconsistency results in the introduc-

AFCNT:(le_”) (l)

1 tion of the term 1% in the preexponential term of the CNT
3 p2/3

(kBTTS)Z : () rate_ _exp_ression, and is referr_ed to as _ the Courtr_ley
modification? The second correction deals with an error in
Again, following Hale, the critical temperature is introducedthe expression for théclassical cluster size distribution
into the free energy expression by approximating the surfacehen applied to the limiting case of the monomer. Although
tension with the following linear expression: this is more of a bookkeeping inconsistency, it has been ad-
o= oa(To—T) ®) dressed by several .authors who havg proposed adding the
¢ ' term 6 [see EQ.(6)] into the exponential form of the free
Here, o, is a material-specific constant. Thus, by replacingenergy. This is often referred to as the limiting consistency
the bulk surface tension with the approximation in E8j, modification®® Thus, the resulting form for the ICCT rate
the exponential in Eql) becomes expression can be written as
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CNT e’ 7
‘]:‘] o 14 - =_d0’ ext
S (14 Ao=-=2 m(Tt 7)
600 H
which, when expanded as described in the previous section, Bio=0,(T,~T)
; C:o=0,(T -T)
gives B osw | p
T, 3 % DiG*% (r.-1)
_ 032plceT| J¢_ & o
InS=Q ﬂo ( T l) ’ (15) g 400 +
where E
300 |
1/. SNT! -1/2 @
ByCT= 167) ™ | o +(36mt0[ -1 g
3 JS T E o0l
(16) “
in the SNT supersaturation expression. He Tis similar 100
to A5NT from Eq.(12) and is slightly smaller in value. Thus,
the SNT prediction for It$ based on CNT will be slightly 0 . . .
larger than for ICCT for any given system of interest. 0 1000 2000 3000 4000 5000

C. Determining “reliable” values for  Q Temperature (K)

0 ; : FIG. 1. Comparison of different approximations for the surface tension of
In the pastl, ()} has been evaluated by approximating liquid bismuth. The closed circles represent experimental data points from

in Eq. (8) with U/(TC_T)- Since then, it has.bee_n suggestedgref. 17. The open circles represent the predicted surface tension values
that a more “reliable” method for evaluatin is to ap-  based on Eq(18).

proximateo, with actualda/dT information extracted from
experimental surface tension dafaHowever, others have
raised the issue that by doing this a very different value for,

Q) can be obtained, resulting in a very different SNT predic-mf(.)rme.‘t'o.n' In the case of bismutp, is f'ou.nd to be .1'74’.
tion for the supersaturatiod Compounding this issue is which indicates that a rather large deviation from linearity

the fact that some experimental nucleation data appear t%xists as the critical point is approached. Surface tension data

agree better with the original method while other data appea?re_’ not avallab_le for bismuth in the vicinity qf the _cr|t|cal
to agree better with this more “reliable” method. This has point, however it may be expected to behave in similar fash-
ion to curve B in Fig. 1.

lead to uncertainty in deciding which method is most appro- Recall f the SNT derivation that th imat

priate for comparing SNT to experimental nucleation data. Inf ecad frortr;] N ; ¢ eriva I(')nth ? the e_lpprox:ma €

this work we have determined that although usthg/dT orm used for the surface tension 1 that given in &). In
{h|s form, the termo, is in effect a two-point slope of the

information from experimental surface tension data may a ‘ tensi luated at the critical t I
first appear to be appealing, it is inconsistent with the as>urtace tension evajuated at he critical tempera re

sumptions made in the SNT derivation and can, in fact, Ieadr.zo) and at anothgr available.point. !f several surface ten-
to substantial errors in the SNT supersaturation prediction. S'r?n values aredgvalial?tlﬁ, thﬁn_ n f?’t& IS not (E(;?;tant and
Consider the plot shown in Fig. 1 of actual surface ten--"1aNJES according 1o e choice of tempera neces-

sion vs temperature data for liquid bismifthdenoted by the sarily, surface tension A single surface tension value and

four closed circles The surface tension decreases in an es'ghe critical temperature are used to construct line C in Fig. 1.

. ext . . . .
sentially linear fashion with temperature. If a line is used to$|nceTé ;TC 7I thereflstha dlscrepanci/ llndtr;e sd\c/;pe OI ”:LS t
pass through the experimental data and is extrapolated to tﬁ'g_e and ne siope of In€ experimental data. Vve note tha
point of zero surface tension, as is shown by i Fig. 1 using a single value of the surface tension in this linear ap-
it will intercept the temperature axis at an extrapolated poinproxmatmn wil cause sgrface tension values at _other tem-
Tgxt which does not equal the actual critical temperature operatures to be slightly higher or lower than what is found in
bismuth(denoted byT .. in Fig. 1). For most materials this is the actual data.

observed to be the case since, in general, in a region near tk&e /dF;[]?rLI?/’m?Otri]SIr??rr ::e Xre(i?nTr?]?r:dathfxn tot ﬁS? nagtutal
critical point, surface tension tends to deviate from 7 ormation from experimental surtace tension data

linearity 18 as a better value far, . The result is a linear approximation
An accurate fit to both the surface tension data and th&’ ith an accurate experimental slofstenoted by a subscript

actual critical temperature can be achieved by using gxp) passing through the actual critical point, given by
slightly more complex form for the surface tension. For ex-

ample, the data can be fit to a power law expression similar 7=~ g (Te=T)- (18)
(but slightly modified to that suggested by Guggenhéfm exp
given by A constant, experimentally obtainetr/dT value and the

critical temperature are used to construct line D in Fig. 1. As
o=og(T,—T)*. (17) . . . S
can be seen, this expression gives an excellent approximation
Here,og and u are material-dependent constants that can béo the slope of the surface tension; however, it results in a far
extracted from a linear least-squares fit tarlns In(T.—T)  worse estimate for the actual surface tension of bismuth at
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14

T 3/2
Eq.(19) In S:lez O(?C_ 1) ' (21)
Bq. 1)

— — Fq.(23 where

12

10 r —do/dT

P2/3kB

The predicted SNT supersaturation based on(Ed. (repre-
sented by the thick solid curyas also shown in Fig. 2.
There is a large discrepancy betwe@n and (), for bis-
muth, resulting in a significant difference in the SNT predic-
tion. We note that if no curvature were found in the actual
surface tension dat&); and(), would give identical values.
2r In order to determine which supersaturation prediction is
most accurate, we compare them to the power law form in
0 : : : : ' Eq. (17) as it provides a better overall fit to actual surface
700 800 90 1000 1100 1200 1300 tension data as well as the critical temperature and should
T (K) therefore give the most reasonable SNT prediction. Carrying
this form for the surface tension through the SNT derivation,

FIG. 2. Comparison of the predicted theoretical supersaturations for bismut()\,e find that SNT must be adjusted accordingly to give
nucleation based on different approximations for the liquid surface tension
(Te—T)*

in SNT. The similarity between Eq§19) and(23) indicates that Eq21) is
T

O,= (22

InS

32

an inappropriate method for use with SNT. InS= QS/Z,BO ) (23

whereB, remains the same for the CNT model and is altered

any given temperature. We note here that although using Ecg(.)r the ICCT model in the following manner:

(18) results in a larger calculated surface tension value in the cor. [ 16m 1/2 Jgr“g
case of liquid bismuth, it may result in a smaller calculated  Bo E(T) |”( JS )
value for other materials whefg* is found to be greater

thanT,. vz | (Te=TH
Although surface tension values obtained using #8) +(36m) 7" T
can be substantially different than actual experimental data, ) . ]
it is possible that an accurate SNT supersaturation predictioh/e note that the) found in Eq.(23) is now defined as
depends on the use of a better estimatelefdT and not
necessarily. In order to test this hypothesis we compare the ()= .
SNT prediction for bismuth nucleation based on the two dif- p? kg

ferent “linear” methods for obtaining, [using Eqs(8) and  £iq;re 2 shows the predicted SNT supersaturation based on
.(18)] to the pre(_jlt_:tlon l:_)a_sed on the power law ap_prommatlonEq_ (23) (represented by the thin dashed curves can be
in Eq. (17), as it is anticipated that this should give a bettergeqn “this improved surface tension fit offers only a modest

overall sgpersaturation pred!ction. _ improvement in predicting the supersaturation over the sim-
Rewriting the SNT predictions found in Eqéll) and pler, linear form used in Hale’s original analysis wherg

(15 here to distinguish approximating, with o/(Te=T) a5 approximated by/(T.~T). This indicates that the im-

~112
(24)

0B

(25

gives portance in determining an accurate SNT prediction lies in
T 32 using an accurate value for the surface tension and not so
Ins=3%? 0(_0_1) ’ (19  much its slope, thus the estimate f@rin Eq. (20) is pre-
T ferred over Eq(22). Although this result has been demon-
h strated for a metallic system, a comparison to all classes of
where materials should yield similar results.
Q= (20
1= _ 213, °
(Te=T)p™ ks D. Q for liquid metals
The predicted SNT supersaturatic@NT model only as a Earlier investigators'® observed that Eq(20) is identi-

function of temperature for bismuth nucleation based on Eqcal in form to the Et/os relationship®?! evaluated on a
(19) (represented by the thin solid cujvie shown in Fig. 2. molecular basis. Since this relationship was found to be suc-
The value used fof), is taken at the midpoint of the tem- cessful in describing many classes of materials, and since
perature range. there were tabulated values available for thetvias
Likewise, rewriting Eqs.(11) and (15) here to distin- constant (extrapolated to absolute zero and denoted by
guish approximatingr, with an experimentafio/dT gives  Kg ), Hale used these values as estimates(¥an order to
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TABLE I. Values for the molecular excess surface entrépyor various mental refractory data was due to the use of a significantly

liquid metals. Values for the molecular &os constant are also shown here |arger estimated excess surface entropy quantity If this is
for comparison. Critical temperatures were obtained from Refs. 26—28. Th )

termsoy andpg represent the liquid surface tension and density extrapolatec?rqe’ then co_mparmg SNT to eXpe”memal refraCtory nucle-
to 0 K. These extrapolations were made in accordance with Ref. 9 fron@tion data with these more accurate values(oshould re-

linear surface tension and density correlations obtained from Refs. 17 angult in better overall agreement. We show this in Sec. Ill.
26.

Material T. (K) oo (MN/m) po (L) Ke.o Q

Li 3482 475.12 498+28 074 0.78
Na 2485 227.50 28528 075  0.78
K 2980 133.88 148+ 28 0.73 0.81 Ill. COMPARISON WITH EXPERIMENTAL DATA
Rb 2017 102.57 1.B+28 073 082 . ) )
Cs 1938 84.81 9.®®+28 073 0.77 Experimental devices amenable to metallic and refrac-
Mg 3783 719.67 446+28 110  1.32 tory nucleation studies include the thermal diffusion cloud
|(\:/|a 17“%5 3257;8}?; gg §§ g-g? 8-32 chamberTDCC),?° the shock tube chambéBTC),>*3! and

o) . . . . ; 32,33 i
W 20399 3719.40 6di28 083 073 the gas evaporation chambé!BEC). 'I:he_‘[DC(? typi
Fe 10970 2393.90 s@t2s o081 o7 cally operates at experimental rates of 1 ¢ %, while the
Ni 11152 2481.03 9.39+28 079 075 STC and GEC typically operate at higher rates on the order
Pt 10970 2491.76 7@2+28 092 099  of 10° cm3s 1 For the most part, nucleation data from
Cu 7868 1629.55 8.8+28 078 085  refractory nucleation investigations using these devices tend
Ag 6758 1102.00 5.8+28 079  0.89 tt ith tonal leati dels. A
Al 8683 175276 562128 095 078 not to agree with conventional nucleation models. An excep-
7n 3275 899.76 6.75+28 120 147 tion to this observation are data from recent cesium nucle-
cd 2886 653.19 467+28 126 150 ation studies utilizing a TDCC that showed reasonable agree-
Hg 1748 546.57 42+28 18 204  ment with CNT at the higher temperatures of the
Pb 5611 538.00 3.#+28 067 070 experiment* A comparison of SNT with nucleation rate
Bi 5098 457.33 3.1E+28 0.66  0.61 L om N 31 31 - 31
T 4846 536.00 355428 074 o078 data for lithium? sodium;” bismuth?" lead;” iron,
Al 7748 1006.02 578+28 063 o066  hickel3® magnesiunt? cesium?* and mercury’ is reported
Sn 7979 579.84 3®+28 047 051 below. In this analysis, the SNT supersaturation is scaled by
Sb 5162 408.31 348+28 054 060  the termQ®?in order to interpret all of the data on one plot,

as prescribed by Haf®. Also, the TDCC experimental re-
sults are analyzed separately from the STC and GEC results
apply SNT to published experimental data. The values fosince the difference in rate results in slightly different super-
ke o were observed to range from 1(#r associated species ~ saturation predictions.
to 2.1 (for “simpler” fluids) and using these values re_sulted A. STC and GEC rate data
in very good agreement between SNT and nucleation data
for these types of fluids. SNT was subsequently compared to It was observed that for GEC and STC data for which
refractory nucleation data. However, since critical point andthe nucleation rate was estimated to be approximately equal
liquid property data were harder to find for the liquid metals,to 10°° cm™®s™* the value ofg, was roughly constant over
it was common practice to apply the values@ffound for the temperature range of interest and equal to 0.75 based on
the simple and associated fluids to metallic species, a&NT or 0.65 based on ICCT. Using the values forob-
well 11122223 his typically resulted in poorer agreement be- tained abovgusing Eq.(20) with a value ofo andp at the
tween the theory and refractory experimental data and SNMidpoint of the dathand the(constant values ofg, found
was deemed unable to accurately describe refractory nucléere, reasonable agreement with SNT is found for several
ation as a whole. experimental datasets while poor agreement is found for oth-
Based on the results of Hale’s earlier work and ourers as can be seen in Fig. 3. It is observed that significant
analysis above, we used Hale’s original formalism employ-deviations occur for the lithium, magnesium, and bismuth
ing Eq.(20) to actually evaluaté) for the liquid metals. For data. Recent results for sodium vapor nucledfiaising the
many metals, it is found to be approximately 0.8, which isGEC suggest to us that the deviation in the lithium data may
consistent with other earlier observations involving thesede the result of an inappropriate correction factor applied to
materials®*?®Values forQ) as prescribed by E420) as well  the raw data during analysis. We are currently reexamining
as values fokg ¢ for various liquid metals are listed in Table our experimental data in order to verify this hypothesis. The
I. Data for o(T) and p(T) were obtained from published lig- deviation in the magnesium and bismuth data is interesting
uid density and surface tension data or correlatfdf&For  since the value of) obtained for these materials is either
these calculations, when reliable critical point data were unsignificantly larger, i.e., 1.3 for Mg, or moderately smaller,
available, values were estimated using boiling point and.e., 0.6 for Bi, than that found for most of the other liquid
atomic radius data as prescribed by Anf$a?® metals in this analysis, i.e., 0(8ee Table). We note that
As we have shown in Table K) for the liquid metals using a value of 0.8 would result in better agreement with the
can be roughly halfand in some instances a thjrthat for =~ SNT supersaturation prediction for both the Mg and the Bi
the associated liquids, which may indicate that at least part alata. Uncertainties in values ®f do not appear to be able to
the reason why SNT was unable to accurately predict experaccount for these discrepancies.
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FIG. 3. Comparison O.f metallic ngcleatl_on dMJ 10%cm™>s ) with FIG. 4. Comparison of metallic nucleation dafar J~1 cm 3s™1) with
the SNT supersaturation expressions given in Efy.and(15). The values . . . )
¢ in thi si imated with tant and 075 aje scaled supersaturation expression given in(Et). The value forg,
00:353‘]3 mCI\ﬁ' anz)ﬁ:lz?re a(;j)plroxma e t'WII a;zcon? 6;; and irg 19 8NQas calculated directly for cesium using EG2) while a constant of 0.49
-0 for an models, respectively. Equatiéh$) and (15) are was used for comparison with mercury. The solid black and gray curves

an . ) ) .
scaled by”, which varies f(_)r each metal. The solid and dashed I'nesrepresent SNT based on CNT model. Experimental data were obtained from
represent the SNT approximation based on CNT and ICCT models, respPegsats 34 and 37

tively. Experimental data were obtained from Refs. 22, 23, 31, 35, and 36.
The number of data points shown for lithium and magnesium is reduced for
clarity; however, the general trend and spread in the data are preserved.

predicts what is observed in experiment. To demonstrate, we
reanalyze the cesium critical supersaturation data with an
B. TDCC critical supersaturation data approximated() of 2.0 and plot the results accordingly in
Fig. 5. Using such a large value 6l (relative to what we
now calculatg results in a downward shift in both the theo-
etical and experimental curves, however the shift in the ex-
and equal to 0.49 based on CNT or 0.40 based on ICC-Ii')erimental curve is much more dramatic. This disparity is

However, for TDCC .C”t.'(?al supersaturation data for ceSIUMy1so found when the STC and GEC data are reanalyzed in
vapor, By changed significantly over the temperature range

of the study and needed to be accounted for. Thus, the ex-
pressions foB, in Egs.(12) and(16) were used with actual 10

It was observed that for TDCC critical supersaturation
data for mercury vapor the value @f, was nearly constant

experimental data along with Eq§l1) and (15) for the % o Je=08

e ﬁi”}g:zo X

scaled supersaturation and Eg0) for () to determine the
SNT predictions for comparison with both the cesium and 8
mercury data. Figure 4 shows experimental homogeneous
vapor-to-liquid data for '¥Q%? for both cesium and mer-
cury. Overall agreement is reasonable for cesium with the
SNT prediction based on the CNT model and we see that
SNT predicts a curvature similar to that observed in the
lower temperatures of the cesium nucleation data. The ICCT
model is not shown in Fig. 4 since it tends to underpredict
what is observed in experimefinterestingly, though, the
ICCT curve is parallel to the dgtaMercury, on the other /
hand, shows poorer agreement with the SNT prediction. It is - s
interesting to note that the value Qffor mercury is approxi- oy XA SRR 2
mately 2.0, which like magnesium, is large compared to
most of the liquid metalésee Table)land may indicate why
agreement is so poor.

InS/Q¥

<

(T./ T -1**

C. Comment on using larger € values FIG. 5. Comparison of the SNT scaled supersaturation with cesium experi-

We remark here that if we follow previous recommen- mental data based on a value forof 0.8 and 2.0, respectively. The larger
() value results in very poor agreement between theory and experiment. The

datio_ns and use a Va_lue féd of 2-_0 for all nine metallic  pjig plack and gray curves represent the SNT prediction based on the CNT
species analyzed in this work, we find that SNT greatly overmodel. Experimental data were obtained from Ref. 34.
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this manner. Using more realistic values such as the oneSCKNOWLEDGMENT
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